Abstract The safety and serviceability of timber structures are frequently governed by the performance of joints. Bolted joints are a very commonly used form of joints and are effective from the viewpoint of the load-slip characteristics when subjected to a lateral force. The shear strength of a bolted joint is affected by various factors. Some of the factors affecting the shear strength of a bolted joint are classified into four categories in this paper: the material characteristics, geometrical factors, assembly conditions for the bolted joint, and factors that act during its service. This paper reviews the effects of these factors on the shear strength of a bolted joint. Numerous experimental studies were performed on the shear strength of a bolted joint. The effects of these factors on the shear strength varied according to the kind of shear strength and loading direction to the grain. In addition to the experimental investigations, analytical investigations to estimate the shear strength of a bolted joint are also discussed in this paper. Estimations of the yield strengths of bolted joints have been performed by numerous researchers; and in recent years, there has been an increase in studies to predict the load at failure.
Introduction
The performance of a timber structure must be sufficient to preserve life and property. Because this performance, which involves safety and serviceability, is frequently governed by the stiffness and strength of joints, the joints are important components of a timber structure. The number of different types of joints used in timber structures has increased over time. At present, various joints are utilized, including nailed joints, bolted joints, screwed joints, glued joints, glued-in-rod joints, and large-finger joints [1] .
Among these, bolted joints are a very commonly used form of joints. Their force-resisting mechanisms can be broadly divided into two types: the tensile type, where the bolted joint resists the force along the axis of the bolt, and the shear type, where the bolted joint resists the force applied perpendicular to the axis of the bolt. The latter is more desirable from the viewpoint of the load-slip characteristics, because the former often causes a rapid decrease in the load at failure.
The load-slip characteristics of a bolted joint subjected to a lateral force are governed by the embedding stress-deformation characteristics of the wood, which crush the wood beneath the bolt, and the bending stressdeformation characteristics of the bolt. In addition to the characteristics of the material, it is well known that the load-slip characteristics of a bolted joint are also affected by the geometric properties and type of joint. Thus, bolted joints have diverse configurations based on the combination of these variables. Because of their diversity and on-site assembly facility, bolted joints are widely applied to timber structures, and numerous studies have been performed on their load-slip characteristics.
The factors affecting the load-slip characteristics of bolted joints have been investigated experimentally, and could be divided into various categories. In this paper, these factors are classified into four categories as follows:
• Material characteristics-these are mechanical properties of member and bolt such as the embedding strength of the member, yield stress of the bolt, and surface roughness of the bolt.
• Geometrical factors-this is joint geometry such as the thickness of the member, end distance, and edge distance as shown in Fig. 1 . The joint geometry is often expressed as the values of those dimensions divided by the bolt diameter.
• Assembly characteristics-these are conditions in assembling the bolted joint such as the difference between the lead hole diameter and bolt diameter, smoothness of the lead hole, and force used to fasten the bolt.
• Factors that act during its service-these are factors acting in service such as the loading direction in relation to the grain, type of applied force, and moisture content.
This paper gives an outline of the effects of these factors on the strength of a bolted joint subjected to a lateral force. The strengths of bolted joints described in reports include the load at the proportional limit, yield load, ultimate load, maximum load, and load-carrying capacity. However, evaluation method of these strengths sometimes differs with researchers. For example, the ultimate load means maximum load in some report, and those are different in other report. Therefore, the designation of the strength is based on the cited literature.
Analytical approaches have also played important roles in the design of bolted joints. Some analytical studies have been performed to estimate the yield load and load at failure of bolted joints, and the results are reflected in the design codes [2] . This paper also reviews analytical studies on the strength of bolted joints subjected to lateral forces.
Factors affecting shear strength

Factors governing material characteristics
The embedding strength, which is one of the most important material characteristics for bolted joints, is generally obtained in a test, using either the American approach [3] or European approach [4] as shown in Fig. 2 . These use different specimen configurations and dimensions [5, 6] . In the American approach, a fastener is placed on a wood specimen with a half-round lead hole, and a uniform force along the fastener length is applied to the wood specimen. In the European approach, a wood specimen and steel support are connected using a fastener, and a force is applied at the ends of the fastener through the steel support. The shapes of the embedding stress-deformation curves parallel to the grain show no difference between these approaches. However, those perpendicular to the grain show a difference in the increase in the load after the yield point [7, 8] . The yield embedding strength can be obtained from tests based on both approaches, but the strength beyond the yield point is obtained only from tests based on the European approach. The embedding strength according to ASTM [3] is calculated using the ''5 % offset method,'' and that according to EN383 [4] is calculated from the maximum stress up to a 5 mm embedment. The embedding strength of wood increased in proportion to an increase in the wood density, and decreased with an increase in the diameter of the fastener [5, 7, 9, 10] . The regression line of the embedding strength in relation to both the wood density and fastener diameter has been investigated to estimate the embedding strength for design. When the fastener diameter was in the range of 8-30 mm, the embedding strength or embedding strength divided by the density linearly decreased as the fastener diameter increased [7, 9, 11] . This tendency was observed in the embedding strengths parallel and perpendicular to the grain, and the difference between the embedding strength parallel to the grain and that perpendicular to the grain decreased as the fastener diameter decreased [7, 12] . Another factor that changes the embedding strength is the moisture content (MC). The relationship between the MC and the ratio of the embedding strength at a given MC to that at an MC of 12 % was obtained from the data in the reports [13, 14] . When the MC was less than the fiber saturation point, the ratio of the embedding strength parallel to the grain changed by an average of about 3.4 % per 1 % of MC, whereas that perpendicular to the grain changed by an average of about 3.2 % per 1 % of MC.
Just as the embedding strength is affected by the wood density, the strength of a bolted joint under a lateral force is also normally affected by the wood density. The load at the proportional limit, stiffness, and maximum load of bolted joints showed higher values as the density of the wood species increased [15] [16] [17] . However, in some cases, the maximum load of a bolted joint perpendicular to the grain was not clearly dependent on the wood density [18] . The load of a bolted joint perpendicular to the grain showed a continuous increase after yielding, and the slip at failure often depended on the wood species. The load-slip characteristics of bolted joints for various wood species might have an effect on the maximum load.
The characteristics of the bolt also affect the shear strength of a bolted joint. The load-slip characteristics of bolted joints using bolts with tensile strengths of 480, 530 and 640 MPa were experimentally investigated. When the ratios of the main member thickness to bolt diameter (l/d) were 8 and 12, the specimen with the higher bolt strength tended to exhibit the higher yield strength. However, the specimen with the higher bolt strength showed a smaller slip at the maximum load than that with the lower bolt strength, and the maximum loads of the bolted joints showed no relation to the bolt strength [19, 20] .
The surface of the bolts used in bolted timber joints is usually smooth. When a bolt with a rough surface was used in bolted joints, the experimental results showed that the friction between the bolt and wood was increased [21, 22] . The maximum load of a bolted joint with a rough surface and an l/d ratio of approximately one was 1.2-1.4 times as large as that with a smooth surface.
Geometrical factor
Trayer [15] performed an extensive study on bolted joints, and reported the relation between the stress at the proportional limit and the l/d ratio. Shear tests with various l/d ratios have been conducted by numerous researchers on the major types of bolted joints as shown in Fig. 3 , including double shear joints with wood side members [15, [23] [24] [25] [26] , steel side plates [15, 19, [26] [27] [28] , and slotted-in steel plate [17, 19, 26] , and single shear joints with a wood side member [23, 26] and a steel side plate [26] . Bolted joints with larger l/d ratios tended to exhibit higher loads at the proportional limit and yield load, and those loads exhibited almost constant values when the l/d ratio was more than some value. This relation between these loads and the l/d ratios results from the deformation of bolted joints. As an example, the relation between yield load of bolted joint with slotted-in steel plate and the l/d ratio is shown in Fig. 4a and the yield modes of bolted joint is shown in Fig. 4b . When the l/d ratio is small, the yield load of a bolted joint increases with an increase in the l/d ratio because the bolt remains straight during yielding (Mode A).
When the l/d ratio is larger, the yield moment of the dowel is reached at several points, and plastic hinges are formed in the bolt (Mode B). When the l/d ratio is further increased, the distance between the plastic hinges is almost constant, and the yield load shows no increase (Mode C).
In the case of bolted joints with wood side members, the load at the proportional limit of a bolted joint with a fixed main member thickness increased as the ratio of the side member thickness to bolt diameter increased. However, the initial stiffness of the bolted joint was not dependent on the side member thickness [23] .
The ultimate load of a bolted joint parallel to the grain with a large l/d ratio was different from its yield load, although the yield embedding strength of wood was close to the ultimate embedding strength [7, 19, 28] . This occurred because, when the l/d ratio is large, the side members are strongly pressed against the main member by the rope effect as a result of the increased bending deformation of the bolt. Consequently, the friction between the main and side members is increased, and the ultimate load of the bolted joint is larger than the yield load. When the bolted joint was forced in a direction perpendicular to the grain, the load increased as the slip progressed because the embedding stress perpendicular to the grain showed a continuous increase after yielding [18] [19] [20] . When the l/d ratio was large, and the end and edge distances were sufficiently large, the crack failure from the lead hole to the end of the wood specimen was hardly observed in specimens [19, 20] . As a result, although the yield load of a bolted joint perpendicular to the grain was smaller than that parallel to the grain, the ultimate load of the former was sometimes larger than the latter.
The l/d ratio has an effect on the slip at failure of bolted joints. The bolted joints with small l/d ratios were liable to experience brittle failure, and those with large l/d ratios showed large ultimate slips [17, 19, 27, 28] .
Numerous investigations have also been conducted on the effects of the end and edge distances on the shear strengths of bolted joints. For bolted joints parallel to the grain using softwood under a tensile force, Trayer recommended a main member end distance to bolt diameter ratio (e 1 /d) of 7 or more and a main member edge distance to bolt diameter ratio (e 2 /d) of 1.5 or more. For one perpendicular to the grain, a value of four or more was recommended for the e 2 /d ratio. These values were obtained based on an examination of the load at the proportional limit. However, in other studies, it was observed that the effects of the end and edge distances on the shear strength of bolted joints differed with the kind of shear strength.
In cases involving bolted joints parallel to the grain, the yield loads of bolted joints with l/d ratios of 2-8 were hardly affected by the e 1 /d ratio when it was in the range of 4-10. The maximum load of a bolted joint with an l/d ratio of not more than 3.3 was not dependent on the e 1 /d ratio when the e 1 /d ratio was not less than 4.5; however, when the l/d ratio was 8, the ultimate load had a tendency to increase as the e 1 /d ratio increased. The slips at the maximum loads of bolted joints with l/d ratios of 2-8 tended to increase as the e 1 /d ratio increased. As for the edge distance, the yield load, ultimate load, and maximum load of a bolted joint with an l/d ratio of not more than two was hardly affected by the e 2 /d ratio when the e 2 /d ratio was in the range of 1.5-6. When the l/d ratio was eight, and the e 1 /d ratio was seven or more, the ultimate loads of bolted joints with e 2 /d ratios of 3 and 6 were larger than that with an e 2 /d ratio of 1.5 [17, 28, 29] . When the stress distribution of bolted joints parallel to the grain was obtained using a 3D finite element analysis, it was found that the compression stress parallel to the grain, tensile stress perpendicular to the grain, and shear stress developed at the lead hole of the wood member, whereas the tensile stress perpendicular to the grain developed at the end of the wood member [30] . Bolted joints with small e 1 /d ratios were liable to fracture by splitting from the end of the wood member, and often showed brittle failure at low loads [31] . Bolted joints with large e 1 /d ratios showed bearing failure in the wood member, and tended to exhibit ductile behavior. Furthermore, when the tensile stress perpendicular to the grain and shear stress developed at the lead hole of the wood member, splitting or shear-out failures caused by these stresses were liable to occur in bolted joints with small e 2 /d ratios. The experimental results just described would be related to the failure mode and brittle and/or ductile behavior.
The following results have been reported for bolted joints perpendicular to the grain with an l/d ratio of 1.8. Bolted joints with an e 2 /d ratio of two showed almost a constant load at the proportional limit when the e 1 /d ratio was not less than two, and showed almost a constant maximum load when the e 1 /d ratio was not less than four. Bolted joints with an e 1 /d ratio of 10 showed an almost constant load at the proportional limit when the e 2 /d ratio was not less than two, and showed a larger maximum load as the e 2 /d ratio increased. When a bolted joint perpendicular to the grain had an l/d ratio of 4-12.5, e 1 /d ratio of 3.1-25, and e 2 /d ratio of 2.5-12.5, the maximum load increased as the e 1 /d and e 2 /d ratios increased [32] [33] [34] . When a bolted joint with a small l/d ratio was subjected to a lateral force perpendicular to the grain, a significant tensile stress perpendicular to the grain occurred at the lead hole, and that stress was liable to cause splitting failure from the lead hole to the end of the wood member [35, 36] . If the end and edge distances were sufficiently large, brittle failure by the splitting of the wood member could be avoided. In addition, if bearing failure rather than splitting failure occurred in a bolted joint, the load would continue to increase with an increase in the slip because of the characteristic behavior of the embedding stress perpendicular to the grain, along with deformation. This tendency was observed in bolted joints with large l/d, e 1 /d, and e 2 /d ratios. The maximum load of a bolted joint perpendicular to the grain would be strongly affected by the combination of the l/d, e 1 /d, and e 2 /d ratios.
Factors related to assembly of bolted joints
In actual timber structures, members are often connected with multiple bolts, and the lead holes of the members are usually not smaller than the bolt diameter to facilitate assembly. The shear strength of multiple bolted joints has been investigated by numerous researchers [37] . In the case of a wood member subjected to a lateral force parallel to the grain with a single row of bolts in the loading direction, the maximum loads per bolt of bolted joints with steel side plates and an l/d ratio of 2.5 were almost the same when the number of bolts ranged from one to three [38] . When the l/d ratio was four, the ultimate load per bolt decreased when four or more bolts were used, whereas with an l/d ratio of 6-8, it decreased as the number of bolts increased from one to six [33] . With an l/d ratio of four, the load-carrying capacity per bolt of bolted joints with wood side members decreased when the number of bolts was three or more, and that with an l/d ratio of six decreased when the number of bolts was five or more [39] . The yield and ultimate loads per bolt of bolted joints with steel slotted-in plates and an l/d ratio of 6.3 decreased as the number of bolts increased from one to six, and the decreasing rate of the yield load per bolt with the increase in the number of bolts was almost equal to that of the ultimate load [40] . In the case of bolted joints subjected to a lateral force perpendicular to the grain with a single row of bolts perpendicular to the loading direction, the ultimate load per bolt of bolted joints with steel slotted-in plates and an l/d ratio of 6.9 decreased when the number of bolts was two or more [40] . On the whole, the shear strengths of multiple bolted joints were smaller than that of a single bolted joint multiplied by the number of bolts. However, the relations between the shear strengths of bolted joints and the number of bolts differed between reports. The different results might have been caused by the relations between the joint configurations, joint geometry, and characteristics of the wood species.
When the diameter of the lead hole of a wood member was larger than the bolt diameter, the contact conditions between the wood and bolt changed in comparison with the case of no clearance, and the stress distribution along the lead hole changed as the clearance became larger [41] . The clearance between the lead hole and bolt had a greater effect on the shear strength of multiple bolted joints than that of single bolted joints, because the clearance prevented uniform loading on all bolts. The results of experiments and analyses showed that the initial stiffness and ultimate load decreased when the diameter of the lead hole was larger than the bolt diameter, provided that the ultimate slip increased with an increase in the clearance [38, 42] . The lead hole in a wood member produced by a drill had a surface roughness that was dependent on the configuration J Wood Sci (2015) 61:221-229 225 of the drill and its feed rate. The surface roughness had an effect on the bearing stress, and the maximum load of a specimen with a smooth hole was larger than that with a rough hole [43] . When members are tightly connected by bolts, an axial force develops in the bolts because of the fastening; consequently, a frictional resistance between members develops at the bolted joints. The maximum loads of bolted joints with steel side plates and an l/d ratio of 2.1 proportionately increased with an increase in the axial force that developed as a result of the fastening [44] . In the case of bolted joints with wood side members and an l/d ratio of 7.5, the initial stiffness and yield load increased when the torque for fastening was increased; however, the ultimate load was hardly affected by the torque [45] .
Factors acting in service
The bolted joints used in timber structures are subjected to forces in various directions to the wood grain. The shear strength of a bolted joint is significantly dependent on the loading direction to the grain, and Hankinson's formula is recommended for calculating the shear strength for any loading direction to the grain. The shear strengths of bolted joints perpendicular to the grain were mostly smaller than those parallel to the grain, and the difference between the latter and former varied according to the l/d ratio and kind of shear strength [19, 46] . The yield strengths of bolted joints perpendicular to the grain with an l/d ratio of four showed 50-60 % lower values than those parallel to the grain. The loads at the proportional limit and the yield loads perpendicular to the grain with l/d ratios of 8-12 showed 20-40 % lower values than those parallel to the grain. The difference in the maximum loads for different loading directions varied with the test method. The shear test methods for bolted joints perpendicular to the grain were divided into tensile and bending loading types. The maximum loads perpendicular to the grain with an l/d ratio of 8.6 obtained from tensile loading tests showed values that were about 75 % lower than those parallel to the grain [46] . When the ultimate loads of bolted joints perpendicular to the grain were obtained from bending loading tests, those with an l/d ratio of four were about 15-25 % lower than those parallel to the grain. However, the ultimate loads perpendicular to the grain with l/d ratios of 8-12 were almost the same or larger than those parallel to the grain [19] .
Various forces such as the vibration in service, and dead and live loads are applied to timber joints during their service period. Several researchers have reported the effects of these applied forces on the load-slip behavior of joints. When dowel-type joints were subjected to oscillating loadings that were 20 and 40 % of the yield load, the secant stiffness of the joints first decreased as the number of cycles increased, and then showed constant values [47] . In cases where cyclic tests based on CEN [48] and ISO [49] were conducted on dowel-type joints with l/d ratios of 2-12, the maximum loads of joints with steel side plates under cyclic loading were lower than those under monotonic loading. However, the maximum loads of joints with slotted-in steel plate showed little difference between the cyclic and monotonic loadings [50] . To determine the effects of the duration of a load, which is an important factor for timber structures, damage models of dowel-type joints were investigated in relation to the duration of the load in long-term tests [51] .
During their service period, timber joints are often placed under various moisture conditions. As previously described, the embedding strength of wood decreased as the MC increased. The load at the proportional limit of a bolted joint with an l/d ratio of 3.5 also decreased as the MC increased in the range of 8-25 % [52] . When dowel-type joints with an l/d ratio of 2.5 had an MC of 50 % or more, the initial stiffness values were about 50 % smaller than the values under air-dry conditions, and the yield and maximum loads were about 40 % smaller than the values under air-dry conditions [53] . However, in the case of bolted joints with an l/d ratio of 8.8, the maximum load had little relation to the MC, although the initial stiffness decreased as the MC increased [54] . When wood is dried, a moisture variation and gradient are induced in the wood. Calculations and experiments were performed to investigate the effects of this moisture variation and gradient in dowel-type joints on the load-carrying capacity, and the influence of moistureinduced stresses was discussed [55, 56] .
Analytical approach to determine shear strength
The shear strength of a bolted timber joint is governed by the combination of the joint configuration, wood species, type of bolt, and joint geometry, which includes the thickness of the members and the end and edge distances. The embedding strength of the wood, yield moment of the bolt, and thickness of the members have an effect on the yield and ultimate strengths of bolted joints, and the end and edge distances often affect the ultimate strength and ductility. The shear strength of a bolted timber joint must be appropriately calculated during the design. At present, the yield theory developed by Johansen [57] is widely used for calculating the yield strengths of bolted joints in some design codes [2] . This theory is based on the assumption that the embedding of wood and bending of bolts have stiff-plastic behaviors. Some studies have been performed to compare the yield strengths of bolted joints calculated by the yield theory with experimental results, and its compatibility has been confirmed [2, 16, 26, [58] [59] [60] [61] . Johansen proposed formulae for the shear strengths of single and double shear joints with wood side members. In addition, formulae corresponding to single and double shear joints with steel plates are adopted in some design codes. However, dowel-type joints that are not described in the codes are often adopted for actual timber joints. In recent years, formulae to estimate the shear strengths of doweltype joints with an interlayer [62] and dowel-type joints with multiple slotted-in steel plates [39, 63] have been derived from Johansen's yield theory. In addition, an alternate method to calculate the shear strengths of bolted joints without using the yield theory was proposed. This calculation was based on a beam on an elastic foundation, and the initial stiffness, load at the proportional limit, yield load, and ultimate load were estimated by considering the yield conditions of the wood and bolt and the rope effect [64] .
The ultimate load of a bolted joint is often determined by the failure mode. The predominant failure modes of bolted joints parallel to the grain would be classified into five categories: bearing failure, splitting failure, shear-out failure, block shear failure, and net tension failure as shown in Fig. 5 [31, 65] . A bearing failure is desirable for design, whereas other failures might often be caused by brittle failure. The splitting and shear-out failures have been investigated using fracture mechanics analyses [65] . The load-carrying capacity at a splitting failure was estimated using the finite element method, where the crack propagation was analyzed using the linear elastic fracture mechanics [66] . The formula to estimate the load at a row shear-out failure was derived from an analysis based on the quasi-nonlinear fracture mechanics [67] . In relation to the design approach for bolted joints, a proposal for a loadcarrying capacity corresponding to the five previously described failure modes was presented [68] .
The failure modes of bolted joints perpendicular to the grain could be classified into bearing failure and splitting failure. The splitting failure of a bolted joint subjected to a force in a direction perpendicular to the grain has been analytically and experimentally investigated. The loadcarrying capacities of bolted joints perpendicular to the grain with different bolt diameters, e 2 /d ratios, and bolt spacing were predicted using linear elastic fracture mechanics [66, [69] [70] [71] . A formula to predict the capacity at splitting failure of a dowel-type joint perpendicular to the grain was proposed using fracture mechanics [72] . The formula requires a parameter that consists of the modulus of rigidity and critical energy release rate, and a method to obtain it was proposed [73] . Other formulae based on analytical and experimental investigations have been proposed to estimate the splitting capacity, and the splitting capacities calculated from these formulae have been compared and discussed [74, 75] .
Conclusions
Bolted joints are some of the most commonly used components for timber structures, and numerous studies have been performed on them. This paper focused on the shear strength of a bolted joint subjected to a lateral force. The shear strength of a bolted joint is evaluated using several loads, including the load at the proportional limit, yield load, ultimate load, and maximum load. The shear strength is affected by various factors, including the wood strength, moisture content, and joint geometry. Some of the factors affecting the shear strength of a bolted joint were categorized in this paper, and the effects were reviewed. The effects of these factors on the shear strength varied according to the kind of shear strength and the loading direction to the grain. Numerous investigations have been performed on factors related to the material characteristics, joint geometry, and assembly of bolted joints, and a small number of studies have been performed on factors acting in service, particularly the external force, effect of the duration of the load on the strength, time-dependent deformation, and moisture content. Additional studies on these factors are required to consider the safety and serviceability of timber structures over the long term.
In addition to the results of experimental investigations, the results of analytical investigations to estimate the shear strengths of bolted joints were also discussed in this paper. Estimations of the yield strengths of bolted joints have been performed by numerous researchers; and in recent years, there has been an increase in studies to predict the load at failure. Studies on the shear strengths of bolted joints are often directly combined with design. The failure of a bolted joint is usually affected by the joint geometry, and has an effect on the safety of timber structures. To adequately predict the safety of bolted joints, experimental and analytical investigations of the failure of bolted timber joints are becoming increasingly important.
